The interfollicular epidermis regenerates from heterogeneous basal skin cell populations that divide at different rates. It has previously been presumed that infrequently dividing basal cells known as label-retaining cells (LRCs) are stem cells, whereas non-LRCs are short-lived progenitors. Here we employ the H2B-GFP pulse-chase system in adult mouse skin and find that epidermal LRCs and non-LRCs are molecularly distinct and can be differentiated by Dlx1 CreER and Slc1a3 CreER genetic marking, respectively. Long-term lineage tracing and mathematical modelling of H2B-GFP dilution data show that LRCs and non-LRCs constitute two distinct stem cell populations with different patterns of proliferation, differentiation and upward cellular transport. During homeostasis, these populations are enriched in spatially distinct skin territories and can preferentially produce unique differentiated lineages. On wounding or selective killing, they can temporarily replenish each other's territory. These two discrete interfollicular stem cell populations are functionally interchangeable and intrinsically well adapted to thrive in distinct skin environments.
Defining the cellular lineage hierarchy in the interfollicular epidermis of adult skin Aiko Sada 1 , Fadi Jacob 1,4 , Eva Leung 1,4 , Sherry Wang 1,4 , Brian S. White 2,3 , David Shalloway 1 and Tudorita Tumbar 1, 5 The interfollicular epidermis regenerates from heterogeneous basal skin cell populations that divide at different rates. It has previously been presumed that infrequently dividing basal cells known as label-retaining cells (LRCs) are stem cells, whereas non-LRCs are short-lived progenitors. Here we employ the H2B-GFP pulse-chase system in adult mouse skin and find that epidermal LRCs and non-LRCs are molecularly distinct and can be differentiated by Dlx1 CreER and Slc1a3 CreER genetic marking, respectively. Long-term lineage tracing and mathematical modelling of H2B-GFP dilution data show that LRCs and non-LRCs constitute two distinct stem cell populations with different patterns of proliferation, differentiation and upward cellular transport. During homeostasis, these populations are enriched in spatially distinct skin territories and can preferentially produce unique differentiated lineages. On wounding or selective killing, they can temporarily replenish each other's territory. These two discrete interfollicular stem cell populations are functionally interchangeable and intrinsically well adapted to thrive in distinct skin environments.
A classical hierarchical model for adult tissue homeostasis suggests that infrequently dividing cells are long-lived stem cells (SCs) that generate rapidly dividing, short-lived progenitor cells 1 . Examples include the hair follicle (HF) and blood, where infrequently dividing cells, identified as H2B-GFP label-retaining cells (LRCs), have unique long-term SC potential [2] [3] [4] [5] . Mouse intestine studies suggest other LRC functions; for example, committed secretory precursors 6 , independent SCs coexisting with frequently dividing SCs 7-13 , or reserve SCs specialized in injury repair 14 . Heterogeneity in SC potential can result from spatial positioning within niche environments or from cellintrinsic differences 15 .
Although the interfollicular epidermis (IFE) is an essential body barrier, its SCs are poorly understood 16, 17 . Proliferative cells are located in the basal layer (BL) and express high levels of α 6 -integrin and keratin (K) 14/K5 18 (Fig. 1a ). When differentiating, the basal cells move upwards to form the spinous layer (SL), the granular layer (GL), and the outermost cornified layer (CL). The mouse epidermis turns over every 7-10 days 19 and is one of the most rapidly regenerative tissues in the body.
Early studies using pulse-chase experiments with labelled nucleotides 20 or H2B-GFP 21 and reconstitution assays in human 22 revealed that BL cells divide at different rates and suggested a hierarchical stem/progenitor model in the epidermis. However, this model was challenged when the behaviours of clones derived from Ah CreER+ or Axin2 CreER+ cells were analysed by mathematical modelling [23] [24] [25] . This was taken to suggest that all basal cells comprise a single population of functionally identical progenitors. However, the stem/progenitor model was subsequently reinstated when K14 CreER+ cells marked with low tamoxifen (K14 CreER with low TM ) showed distinct clonal behaviour from Inv CreER+ cells 26 ; in this model the two populations were interdependent and the K14 CreER with low TM SCs were the source of the Inv CreER+ progenitors. Finally, a recent lineage analysis of K14 CreER+ cells suggested a third model, which had two independent SC populations, although specific markers to confirm this were lacking 27 (Supplementary Fig. 1a ).
To distinguish among these models and to define the longsought epidermal SCs, we identified genetic tools and characterized epidermal LRC or non-LRC behaviour and lineages. We discovered two epidermal SC populations that comprise the bulk of the BL, fuelled by two independent stem cells that are spatially segregated and can preferentially differentiate to distinct lineages, and are able to partially interchange their functions in injury conditions.
RESULTS

LRCs and non-LRCs reside in distinct territories
To visualize epidermal LRCs and non-LRCs in vivo, we used K5-tTA (tet-off)/pTRE-H2B-GFP mice 21 in which doxycycline (doxy) turns off H2B-GFP messenger RNA expression (chase). Fluorescence is diluted twofold at each division, and so it is retained preferentially in infrequently dividing cells (LRCs; Fig. 1b ). Skin sections from doxytreated mice showed that LRCs cluster together, exist in both basal and suprabasal layers, and are inversely marked by short BrdU pulses (Fig. 1c,e and Supplementary Fig. 1c ,d,f).
To view large epidermal areas and spatially relate LRC clusters to other skin structures, we performed whole-mount immunostaining 28, 29 . This revealed spatially distinct distributions of epidermal LRCs and non-LRCs in both tail and back skin (Fig. 1d,f and Supplementary Fig. 1b ,e,f). The LRC-dense regions surrounded circular regions predominantly made of non-LRCs. On average, three HFs flank each non-LRC region; this number varies regionally in the back, whereas it is exactly three in the tail (Fig. 1d,f and Supplementary   Fig. 1g ). The LRC and non-LRC arrangements in both back and tail skin resembled the 'interscale' and 'scale' structures reported for tail skin 27 . Scales are circular interfollicular regions with unique differentiation features: they retain nuclei in the CL, uniquely express K31, and lack K10 expression 27 . Therefore, the observation of strong H2B-GFP fluorescence in K10 + regions confirmed the presence of LRCs in interscale ( Fig. 1e,f) . Back skin does not exhibit the scale differentiation 27 but, importantly, the segregation of the LRC and non-LRC areas suggests previously unrecognized structural similarities between back and tail skin (Fig. 1g ). Finally, analysis of back skin whole mounts showed that blood vessel branch points predominate in the vicinity of the non-LRC areas ( Fig. 1d and Supplementary Fig. 1h ). This relationship between the three-dimensional organization of blood vessel branch points and the non-LRC territories suggests that the LRCs and non-LRCs are nonrandomly segregated and that the distribution of blood vessels and/or their associated cells may influence non-LRC behaviour (see Discussion). We conclude that epidermal LRCs and non-LRCs cluster in both basal and suprabasal layers and segregate in spatially distinct territories that are organized in structured arrays relative to skin landmarks such as HFs and blood vessels.
BL LRCs and non-LRCs are molecularly distinct
The distinct territorial localization of LRC and non-LRC populations suggests that they are functionally and molecularly distinct.
To determine their molecular profiles, we isolated LRCs and non-LRCs from quadruple-transgenic K5-tTA/pTRE-H2B-GFP/K14 CreER /Rosa-tdTomato mouse back skin by fluorescenceactivated cell sorting (FACS; Fig. 2a ), and then assayed mRNA expression using Affymetrix microarrays. We used reduced TM doses that predominantly mark epidermis away from HFs 30 (Fig. 2b,d) , minimized residual HF contamination by using postnatal day (PD) 49-53 mice when HFs lack differentiated lineages 31 , and excluded CD34 + (a HFSC marker) cells 32, 33 (Fig. 2d and Supplementary  Fig. 2a ). TdTomato + /CD34 − cells were separated on high, medium and low α 6 -integrin levels into fractions enriched in BL, SL and GL epidermal layers, respectively ( Fig. 2a-d ). This fractionation was verified by quantitative PCR with reverse transcription (qRT-PCR) for known epidermal layer markers ( Supplementary Fig. 2b) . The BL and SL fractions were further divided into H2B-GFP LRCs and non-LRCs ( Fig. 2c,d) .
Microarray analysis generated molecular profiles and revealed putative BL LRC and non-LRC markers. Hierarchical clustering and principal component analysis showed that BL LRCs and non-LRCs were closely related but molecularly distinct ( Fig. 2e,f) . We identified 2,450 and 1,452 genes that were differentially expressed (≥2-fold) between BL LRCs versus non-LRCs ( Supplementary Fig. 2c and Supplementary Table 1 ). After excluding genes that were also expressed in SL or GL fractions, 202 and 59 were identified as BL LRC or non-LRC signature genes, respectively ( Fig. 2g and Supplementary  Table 2 ). Several LRC-or non-LRC-enriched genes were confirmed by qRT-PCR ( Fig. 2h) .
We compared genes changed in BL LRCs versus non-LRCs with those differentially expressed in related quiescent versus proliferative populations, specifically, telogen versus anagen HFSCs 34 . This comparison showed that only 20-30% of the BL LRC/non-LRC gene expression differences could be related to differences in proliferation status ( Supplementary Fig. 2d ,e, top). Furthermore, only ∼10-25% of these genes changed expression levels in a manner similar to the changes between the K14 CreER with low TM versus Inv CreER+ populations 26 ( Supplementary Fig. 2d ,e, bottom). We conclude that the molecular characteristics of our LRC and non-LRC populations are different from those previously reported for epidermal populations.
Gene Ontology (GO) analysis showed that the BL LRC/non-LRC genes function in metabolism, development, signalling, mitosis and cell migration (Supplementary Table 3 -5) . GO categories of apoptosis inhibition and Ras-GTPase and insulin signalling pathways [35] [36] [37] were over-represented specifically in BL LRCs, whereas chromatin regulation, blood vessel development and MAPK pathway genes were over-represented in BL non-LRCs. In summary, the microarray analysis revealed distinct gene expression patterns and putative markers for BL LRCs and non-LRCs.
Modelling implies two SC populations
To determine the kinetics of epidermal LRC and non-LRC division and differentiation, we isolated back skin cells from K5-tTA/pTRE-H2B-GFP/K14 CreER /Rosa-tdTomato quadruple-transgenic mice after different doxy chases and measured the H2B-GFP dilution patterns by FACS ( Fig. 3a,b) . Beyond analysing the BL, which informs on cell division, we quantitatively analysed H2B-GFP dilution data in the SL and GL. This provided information describing the kinetics of differentiation and upward cellular transport from the BL into the suprabasal layers that was not available in a previous similar study 26 . We then quantitatively tested multiple mathematical models of population dynamics ( Fig. 3c and Supplementary Fig. 3a ), including two models previously described (P-D and SC-P-D) 23, 26 , against the data.
H2B-GFP histograms were deconvolved 38 to determine the relative proportions of cells that had divided 0, 1, 2. . . times ( Fig. 3d and Supplementary Note). This showed that most of the BL cells divide rapidly-more than half had divided at least once by 3 days and essentially all had divided by 1 week (Fig. 3e, green) . Strikingly, essentially all of the original SL and GL cells were replaced at similar fast rates by divided BL descendants: at day 3 only 7% of the SL cells and 15% of the GL cells had not divided, implying that at least 93% (SL) and 85% (GL) were BL cells that had divided and been transported during the 3-day chase. Essentially all of the original SL and GL cells were replaced by 1 week. This extremely rapid replacement with newly divided BL cells suggested that most BL divisions are tightly coupled to upward transport and differentiation into SL (Supplementary Note). Mathematical modelling showed that this cannot be explained by previous models, such as single-progenitor 23 (Fig. 3c ,e, grey) or stem/progenitor 26 models ( Fig. 3c ,e, blue), that do not couple division to upward transport and instead posit substantial terminal differentiation within the BL 23, 26 (Fig. 3c , orange, differentiated cells within BL). Moreover, a model of a single SC population undergoing division coupled to transport ( Supplementary  Fig. 3a , dark blue, red BL→SL arrow) could provide a good fit to the 3-day, but not the 1-week, data ( Supplementary Fig. 3b , dark blue). The combined data could only be well modelled by adding a second, independent SC population that divided at a slower rate ( Fig. 3c ,e and Supplementary Fig. 3a ,b, yellow, 2×SC). The best fit was obtained with two independent SC populations comprised of: ∼65% fast SCs (corresponding to our non-LRCs), which divide every ∼2 days with tight coupling of most division to upward cellular transport and ∼35% slow SCs (corresponding to our LRCs), which divide every ∼5 days. Analysis with this model indicated that the BL LRC and non-LRC populations used for microarray analysis (Fig. 2 ) were separated to >80% purity (Supplementary Note).
The computed division rate of the LRC population is comparable to that of the previously described Ah CreER , Axin CreER and Inv CreER populations 23, 25, 26 . However, by using SL and GL, in addition to BL, H2B-GFP dilution data, we were able to identify a distinct population (our non-LRCs) that divides faster than any population previously described. Moreover, because it was identified with highly (h) qRT-PCR for select BL LRC and non-LRC upregulated genes. Error bars show s.e.m.; * * P < 0.01; * P < 0.05. Dlx1, n = 5 mice, P = 0.01; Igfbp3, n = 3, P = 0.0005; Il1r2, n = 4, P = 0.15; Slc1a3, n = 5, P = 0.04; Aspm, n = 4, P = 0.001; Trp73, n = 3, P = 0.008; Pttg1, n = 3, P = 0.03. For Dpp4, Sox6, Slc6a4 and Cd36, the average of two mice is shown. Statistical analyses were performed using the two-tailed Student's t-test wherever n ≥ 3. Experiments were repeated twice with two different mice for representative images (b,c) and five times with ten mice for FACS (d). Microarrays were repeated in triplicate for BL LRCs and BL non-LRCs and in duplicate for SL LRCs, SL non-LRCs, GL, bulge LRCs and bulge non-LRCs (e-g). efficient H2B-GFP labelling, we were able to determine that this fast population comprises two-thirds of the entire BL, and so must contribute substantially to tissue homeostasis.
As the tail scale (enriched in non-LRCs) and interscale (enriched in LRCs) regions are morphologically distinct, we could use pulsechase experiments to determine the H2B-GFP fluorescence turnover 0  1  2  3  4  0  1  2  3  4  0  1  2  3  4   0  1  2  3  4  5  0  1  2  3 rate and the corresponding overall BL division rate within each region separately ( Supplementary Fig. 3c -e and Supplementary Note). The 3:1 division rate ratio of BL cells between these regions closely matches the ∼2.7 ratio in the back computed from the H2B-GFP dilution experiments, although division in the tail was 20-25% slower overall. We also were able to compute the overall epidermal turnover half-lives in the LRC versus the non-LRC tail regions from the H2B-GFP decay rates in their BL and BL+SL+GL layers (CL was excluded). We found that the LRC and non-LRC skin region turnover half-lives were in ∼2:1 ratio (that is, 6.2 days versus 3.5 days). This highlights how the differences in BL divisions may drive different overall epidermal regeneration speeds in each skin region. In summary, quantitative analysis of the H2B-GFP dilution data implies that the epidermal BL contains at least two independent SC populations with different rates of proliferation and upward differentiation/transport and that epidermis in the LRC and non-LRC territories regenerates overall at different rates.
Lineage tracing implies two SC populations
To directly address the long-term SC potential and the lineage relationship between LRCs and non-LRCs, we examined their behaviour by in vivo lineage tracing. We used transgenic mice 39, 40 carrying the CreER driven by Dlx1 and Slc1a3 genomic loci, two genes selected from our microarray analysis as upregulated in LRCs and non-LRCs, respectively (Figs 2h and 4a). TdTomato expression was strictly induced by TM and was dose-dependent ( Supplementary  Fig. 4 ). A few days after the last high-dose TM injection, both Dlx1 CreER and Slc1a3 CreER mice showed tdTomato expression in the BL (Fig. 4d ,f). The Dlx1 CreER labelled back skin inefficiently, and the clones were very rare single cells. In contrast, the Slc1a3 CreER induced multiple labelling events interspersed throughout the epidermis within each section of back skin tissue analysed. Back skin from Dlx1-or Slc1a3-CreER/Rosa-tdTomato/pTRE-H2B-GFP/K5-tTA transgenic mice subjected to co-temporal TM injections and doxy chases showed preferential co-localization of tdTomato cells with BL LRCs (Dlx1 CreER mice) or non-LRCs (Slc1a3 CreER mice) a few days after TM induction ( Fig. 4b-d ). This demonstrated that Dlx1 CreER and Slc1a3 CreER can be used as genetic tools to distinguish LRCs and non-LRCs, respectively, and to study their behaviour as SCs.
By 3 months we found Dlx1 CreER -and Slc1a3 CreER -marked clones that still co-localized with LRC-and non-LRC-clusters in the basal and suprabasal layers ( Fig. 4c,d ). This demonstrated differential rates of proliferation and upward differentiation/transport for the two populations, consistent with the H2B-GFP analyses. Importantly, both Dlx1 CreER -and Slc1a3 CreER -marked cell clones were maintained for 1 year, as expected of long-lived SCs (Fig. 4e,f) .
Slc1a3 CreER -and Dlx1 CreER -induced cells were more frequent in tail than in back skin, and clones were readily detectable at all time points after TM induction. As in the back skin, in tail skin after chases of a few days and 3 months, Dlx1 CreER -and Slc1a3 CreERmarked basal cells were enriched in LRCs and non-LRCs, respectively ( Fig. 5a -c). Strikingly, in whole-mount microscopy, Slc1a3 CreERmarked cells were preferentially located in the scale (non-LRC) areas and also showed a remarkable linear clustering within an interscale substructure that spanned the HF-neighbouring region (Fig. 5a,d and Supplementary Fig. 5a -c). We call this substructure the 'line' and the remaining interscale the 'non-line' areas. In contrast, Dlx1 CreERmarked cells were biased towards the interscale for both line and nonline substructures. We examined Dlx1 CreER -and Slc1a3 CreER -marked populations throughout tail skin development and found that this distinct spatial localization occurs around PD9 ( Fig. 6 ), which is at the onset of scale differentiation 27 .
Next, we used the Dlx1 CreER and Slc1a3 CreER systems for long-term lineage tracing in the adult tail epidermis. By 1-year chase, Slc1a3 CreERmarked cells were expanded to form large colonies within scales, but were largely lost within the interscale line and non-line. Conversely, Dlx1 CreER clones showed significant preference for the interscale structures ( Fig. 5e ,f and Supplementary Fig. 5c,d ). The inefficient Dlx1 CreER marking allowed single-cell labelling and clonal analysis over the extended chase period. (This was not possible for Slc1a3 CreER because it marked a substantial fraction of cells, which generated overlapping clones, in the scale areas.) About 20% of the Dlx1 CreERderived clones survived for 1 year in all structures ( Supplementary  Fig. 5f ). The areas of the surviving clones at 1 year were nearly twice as large in interscale non-line as in scale ( Supplementary Fig. 5e ). This was especially interesting because the interscale is an LRC area, which we found regenerates 2× more slowly, yet Dlx1 CreER -marked cells showed enhanced regenerative ability in this environment. Thus, these data suggest that the Slc1a3 CreER and Dlx1 CreER lineages generally show biased localization within the scale versus interscale (especially pronounced in the non-line) areas, and each of them thrives more in their respective regions in long-term homeostasis.
The gradual decrease in the number of Dlx1 CreER+ clones over 1 year was consistent with neutral drift 41 of this SC population ( Supplementary Fig. 5g and Supplementary Note). Moreover, combining this analysis with that of the H2B-GFP data suggested that division of these cells, like that of the non-LRC cells, may be partially coupled to transport and differentiation.
Next we explored the contribution of the Dlx1 CreER -and Slc1a3 CreER -marked cells to differentiation lineages specific to interscales and scales. As expected from their biased localization within these regions, we found that overall Dlx1 CreER and Slc1a3 CreER lineages preferentially produced K10 + (interscale) versus K31 + (scale) differentiated cells, respectively ( Fig. 5g -i). Clones showing the non-preferred differentiation pattern also localized in the territory atypical for that lineage. That is, Dlx1 CreER clones are preferentially located in the interscale where they make the interscale-specific lineages, but the rare Dlx1 CreER clones found in scales differentiate to scale-type lineages; the converse is true for Slc1a3 CreER .
Together, these data showed that Dlx1 CreER -and Slc1a3 CreERmarked cells comprise two distinct SC populations with distinct proliferation and preferred differentiation patterns. These two populations are enriched in spatially segregated epidermal territories, where they thrive preferentially and function to replenish specialized differentiated lineages during steady-state homeostasis.
The two populations are interchangeable in injury
Next, we asked whether Dlx1 CreER -and Slc1a3 CreER -marked SCs have the ability to interchange their functions on injury or selective cell loss. First, we used transgenic mice that carry the Rosa-Diphtheria toxin fragment A (DTA) 42 crossed with our CreER mice for selective cell killing ( Fig. 7a ). On CreER activation, GFP is suppressed and DTA is expressed causing death of the CreER-marked cells. Depleting Dlx1 CreER -marked cells had no effect, which was not surprising given the low marking efficiency ( Supplementary Fig. 6 ).
One day post-TM, targeting the Slc1a3 CreER+ cells induced large numbers of apoptotic cells and a marked reduction of GFP fluorescence within scales (Fig. 7b,c and Supplementary Fig. 6b ). The tdTomato signal is extremely intense in the cornified layer (CL), the outermost skin layer, when compared with the basal and suprabasal layers. This is likely to be because CL contains multiple layers of stacked cells or because the tdTomato reporter is more active there. Interestingly, Slc1a3 CreER clones spread away in CL from their BL-marked areas, suggesting that Slc1a3 CreER BL cells contribute broadly to the outer skin layer. Asterisks indicate HFs. Scale bars, 100 µm (d,f). Experiments were repeated twice with two mice for representative images in d; and twice with four mice (Slc1a3 1 day), three mice (Dlx1 3 days and Dlx1 3 months) and two mice (Dlx1 1 year, Slc1a3 3 months and Slc1a3 1 year) for images in f.
The GFP signal began to recover after 1 week and completely filled the scales by 3 months, and BrdU incorporation transiently increased in both scale and interscale, indicating the production of new cells ( Fig. 7c-e ). By 2 weeks, the few surviving tdTomato + cells in Slc1a3 CreER /Rosa-DTA/Rosa-tdTomato mice expanded only modestly ( Supplementary Fig. 7a-d ), indicating that they cannot * Figure 6 The emergence of Dlx1 CreER -and Slc1a3 CreER -marked cells during skin development. (a) Whole-mount immunostaining of the tail skin in double-transgenic Dlx1 CreER or Slc1a3 CreER /Rosa-tdTomato mice. Mice were injected with tamoxifen (TM) and euthanized at the indicated ages (PD, postnatal day). Dlx1 CreER -or Slc1a3 CreER -marked cells were first detected at PD3 or PD0, respectively, in the K10 − region. By PD9, Dlx1 CreER -or Slc1a3 CreER -marked cells were preferentially observed in interscale (K10 + ) or scale (K10 − ), respectively; this pattern was maintained in adults. The dashed line represents the boundary of tail epidermis structure (circle is scale, whereas the remaining marked area is interscale). Asterisks account for the rapid GFP recovery and the observed repopulation of the scale region after cell killing. Instead the scale was likely to be repopulated from the interscale, as LRCs marked by BrdU pulse chase massively migrated into the scale and eventually diluted their BrdU label, probably through activated cell divisions ( Fig. 7f,g and Supplementary Fig. 7e -i). Similarly to tail skin, LRCs in the back skin became more proliferative on the loss of Slc1a3 CreER+ cells ( Supplementary Fig. 8 ). We also detected upregulation of 'wounding' markers, such as tenascin and K6 in the back skin, demonstrating that the Slc1a3 CreER -induced population is needed for the integrity of back skin epidermis 43, 44 . We conclude that LRCs are activated and recruited into neighbouring regions enriched in non-LRCs to replenish the skin on massive cell loss in those areas.
Next, we examined the behaviour of Dlx1 CreER -and Slc1a3 CreERmarked cells after mechanical epidermal wounding in tail skin ( Fig. 8a ). TdTomato + cells migrated and expanded into the wounded area by 1 week and massively contributed to both K10 + interscale and K10 − scale lineages by 1 month in both Dlx1 CreER and Slc1a3 CreER mice ( Fig. 8b ). Strikingly, by 3 months, Dlx1 CreER -and Slc1a3 CreER -marked cells were mostly lost from their atypical regions and again localized preferentially within interscales and scales, respectively, where they normally primarily reside.
In conclusion, skin injury can temporarily stimulate migration and increased regenerative activity of Dlx1 CreER -and Slc1a3 CreERmarked SCs in both their typical and atypical territories for rapid and robust skin regeneration. However, these two lineages do not fully interconvert to each other, as indicated by inefficient long-term maintenance in their atypical territory.
DISCUSSION
Here we identify two distinct IFE subpopulations, defined as H2B-GFP LRCs and non-LRCs, that comprise ∼35% and ∼65% of the BL, are regionally clustered, and are molecularly distinct. Furthermore, we provide Dlx1 CreER and Slc1a3 CreER as mouse genetic marking tools to distinguish IFE LRC and non-LRC behaviour by lineage tracing. The current hierarchical stem-progenitor model endows SC properties exclusively to infrequently dividing cells (that is, that are label-retaining) while positing that frequently dividing cells are short-lived progenitors incapable of injury repair 26 . In contrast, here we demonstrate that our LRCs and non-LRCs act as two independent SC populations that contribute to homeostasis within distinct skin territories that regenerate at different rates, and that they both Two distinct territory types (LRCs and non-LRCs) with different turnover rates pattern the skin by forming structured arrays that are spatially coordinated with tissue structures such as blood vessels (back) and hair follicles (back and tail). In tail skin, the LRC territories correspond to interscales and the non-LRC territories correspond to scales. Turnover rates for the nucleated epidermis (BL/SL/GL) computed from H2B-GFP dilution data in tail skin are shown on the left. Bottom: Independent SC populations fuel homeostasis in the LRC and non-LRC territories. The H2B-GFP LRC and non-LRC populations are preferentially located within their respective territories; their SCs can be distinguished by marking with Dlx1 CreER and Slc1a3 CreER , which identify LRC and non-LRC subsets, respectively. The two SC populations are largely independent and are not hierarchically related. The data do not exclude the possibility that each SC population may generate its own short-lived progenitor cells before differentiation. Populations previously defined in ref. 26 as K14 CreER with low TM and Inv CreER are represented as subsets within our LRC territories and are distinct from our Dlx1 CreER population as indicated by comparison of microarray data from this study with that of ref. 26 . The Inv CreER population is designated as a special population because it shows lower levels of α 6 /β 4 -integrin (yellow gradient) relative to the rest of the BL 26 . High TM doses activate the K14 CreER in >90% of the BL. (d) The behaviour of two SC populations and their descendants, represented by Dlx1 CreER -(LRCs) and Slc1a3 CreER -(non-LRCs) marked cells, during injury repair. Both SC populations can temporarily exchange function in response to injury by migrating and repopulating their neighbouring atypical territories in the short term. However, they are largely lost from their atypical territory and remain present only in their typical territory, where they thrive better post-injury and during homeostasis in the long term.
substantially participate in injury repair of both territories. On the basis of these findings, we redefine the model of IFE lineage organization and SC dynamics ( Fig. 8c,d ).
Our H2B-GFP pulse-chase data revealed the existence of spatially segregated LRC and non-LRC territories relative to HFs in both back and tail skin, suggesting a potential parallel between the organization of these two tissue types (Fig. 8c, top) . Slc1a3 CreER and Dlx1 CreER , which surfaced as potential genetic marking tools from our microarray of back skin cells, mark cells enriched in non-LRCs and LRCs, respectively, and both marked cell types act as long-term SCs in lineage tracing. Furthermore, the Slc1a3 CreER and Dlx1 CreER clones by 3 months post-induction are enriched in LRCs and non-LRCs in both basal and suprabasal layers, demonstrating that the two populations proliferate, differentiate and move upwards at different rates. This occurs in both back and tail skin, suggesting further parallels in the organization of these two tissue types. The defined structure, ease of manipulation and superior imaging amenability of tail skin allowed us to clearly demonstrate that these two SC populations reside within and fuel the LRC and non-LRC tail territories that turn over at different rates ( Fig. 8c ). These territories exhibit previously described differentiation characteristics of tail skin scales and interscales 27 . After injury, both SC types migrate, proliferate and temporarily interconvert their functions to regenerate both territory types. Analogously, ablation of Slc1a3 CreER+ non-LRCs in both tail and back skin stimulated migration and proliferation of the LRCs. The rapid expansion of these SCs following injury might reflect the switching from the 'balanced' to the 'expanding' mode of division proposed in human keratinocytes 45 . Importantly, long-term after injury, each SC is lost from its atypical territory within the tail (Fig. 8d ). This echoes our observation that during normal homeostasis clones generated by Dlx1 CreER in their typical territory (interscale) have larger area than the occasional clones generated by Dlx1 CreER in the atypical territory, despite the fact that the interscales regenerate at overall rates half those of scales. Together these findings suggest that there are cellintrinsic differences that enhance the adaptation of each type of SC to its normal environment (territory). The non-LRC territory within the back skin coincides with areas containing organized blood vessel arrays (Fig 8c, top) , which are known to associate with pericytes that promote human epidermal SC proliferation 46 . This is consistent with the more rapid divisions of non-LRCs. In addition, the non-LRCs overexpress genes known to participate in blood vessel development, suggesting that they may in turn actively recruit the vessels and that there is crosstalk between epidermis and blood vessels.
Multiple IFE SC populations have previously been characterized in tail, plantar and ear epidermis 23, 25, 26 ; they all divide at rates comparable to, or slower than, the overall division rate determined for the bulk of our LRC population (Fig. 8c, bottom) . We propose that the LRC population itself is heterogeneous and represents a collection of basal cell cohorts with different gene signatures, all located within the LRC territory and dividing at slow, but slightly different, rates. In particular, we suggest that the rare K14 CreER with low TM and rare Inv CreER populations identified previously 26 in tail skin localize within LRC (interscale) regions, alongside the LRC subset we found here marked by Dlx1 CreER (Fig. 8c, bottom) . Consistent with this, the long-term clones marked through K14 CreER with low TM survived in skin regions referred to there 26 as 'undulations' that were reminiscent of the rete ridges in human skin. These regions, which morphologically overlap with the interscale, were enriched in H2B-GFP LRCs. Furthermore, previous analysis of Inv promoter activity in tail skin suggested that the Inv CreER might mark BL cells confined to the scale/interscale junction 27, 47 , that is, neighbouring the LRC territories.
The heterogeneity in gene expression and division rates of at least some of these LRC subpopulations could be mere transient fluctuations of the same SC state in response to micro-local needs within their territory. This would fit with the implication from our selective killing of BL SC subsets and wounding experiments that epidermis maintains flexibility in utilizing its SC populations, a likely explanation for the known robustness of skin regeneration. However, other gene expression differences may be related to intrinsic properties and explain the different physiological behaviours; for instance, the Inv CreER population does not contribute to injury repair 26 .
Unlike the previously described populations, whose division rates are all consistent with being subsets of our LRCs, the non-LRC population discovered here is the most rapidly dividing epidermal population ever reported (1× per 2 days) and stands out as the only population so far located preferentially within areas of rapid regeneration (non-LRC territories in back and tail, known as scales in tail) 23, 25, 26 . Our H2B-GFP dilution experiments demonstrated that its division is tightly coupled with upward cellular transport, which uniquely explains the previously described 19 rapid BL→GL transit of incorporated thymidine. The rapid turnover of H2B-GFP in the non-LRC territory, which comprises most of the BL, cannot be explained by relatively slow division rates of populations previously defined in ref. 26 . Marking with Slc1a3 CreER efficiently targeted the non-LRC SC population and allowed us to demonstrate that non-LRCs represent a distinct lineage that stands alone, independent of the LRCs, maintaining their own territories (scales in tail) during normal homeostasis.
In the future, it will be important to examine in more detail the potential heterogeneity of skin and SC organization in the mouse back skin and in human skin. The Slc1a3 CreER transgene marks a substantial subset of the mouse back epidermis, and thus provides a unique means for studying this rapidly regenerating type of epithelium. Better markers will be required for the back skin LRCs, because Dlx1 CreER (this work), K14 CreER with low TM26 and Inv CreER26 target only rare subsets of this population, which, according to our H2B-GFP pulse-chase data and modelling data, represent ∼35% of the BL. Furthermore, the fact that different doses of TM (for example, the low doses used to identify K14 CreER with low TM26 versus the medium doses used in this work) can enrich different populations with distinct molecular profiles and behaviour must be considered carefully when interpreting clonal data. Our microarray data provide a number of potential candidates for additional LRC and non-LRC markers that, if substantiated at the protein level in mouse and human skin, will be valuable reagents for investigating the physiological significance of the heterogeneity in IFE SC and skin organization revealed here. Some of our LRC and non-LRC signature genes are known to be heterogeneously expressed in the human epidermis 48, 49 , and thus may be useful for understanding the heterogeneity of human skin and provide a platform for examining heterogeneous SC populations in ageing, cancer and other diseases.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of this paper.
Note: Supplementary Information is available in the online version of the paper DOI: 10.1038/ncb3359 METHODS Mice. All mouse experiments were carried out according to Cornell University Institutional Animal Care and Use Committee guidelines (protocol number no. 2007-0125). To employ the H2B-GFP tet-off system, double-transgenic K5-tTA (FVB) 50 /pTRE-H2B-GFP (CD1) 21 mice were used. Sequential crosses were employed to obtain quadruple-transgenic mice (K14 CreER (CD1) 51 (a gift from E. Fuchs, Rockefeller University, New York, USA)/Rosa-tdTomato (C57BL6) 52 (The Jackson Laboratory, no. 007905)/K5-tTA/pTRE-H2B-GFP).
For lineage tracing, Dlx1 CreER (C57BL6) 39 (The Jackson Laboratory, no. 014551) or Slc1a3 CreER (C57BL6) 40 (The Jackson Laboratory, no. 012586) mice were crossed with Rosa-tdTomato reporter mice. CreER/Rosa-tdTomato mice without TM injections were used to examine the leakiness of Cre. Dlx1 CreER or Slc1a3 CreER quadruple-transgenic mice (CreER/Rosa-tdTomato/K5-tTA/pTRE-H2B-GFP) were obtained after several steps of intercrossing the above lines.
For depleting Cre + cells, Dlx1 CreER or Slc1a3 CreER mice were crossed with the Rosa-DTA line (C57BL6) 42 (The Jackson Laboratory, no. 006331). The Rosa-tdTomato reporter was additionally introduced in Slc1a3 CreER /Rosa-DTA mice to trace the lineage of surviving Slc1a3 + cells. Controls were either single-transgenic CreER or Rosa-DTA mice. Both male and female mice were used for all experiments.
The sample size was dictated by experimental considerations and not by a statistical method. The experiments were not randomized. The investigators were not blinded to allocation and outcome assessment during experiments.
H2B-GFP pulse chase. Mice were fed with doxy chow (1 g doxy/1 kg, Bio-serv) for the indicated chase periods, starting at 1-3 months of age. GFP antibody was used to detect the H2B-GFP signal for 6 weeks of doxy chase.
Tamoxifen injection. In K14 CreER quadruple-transgenic mice were injected intraperitoneally with a single dose of TM (75 µg g −1 body weight; Sigma) and euthanized after 1 week at second telogen. For lineage tracing, DTA and wounding experiments (using Dlx1 CreER and Slc1a3 CreER lines), mice were injected with TM (100 µg g −1 body weight) for five consecutive days at 4-7 weeks of age. Mice were euthanized at the indicated times after the last injection.
BrdU labelling. To label LRCs, 5-bromo-2-deoxyuridine (BrdU; Calbiochem) was administrated in drinking water (0.8 mg ml −1 ) for 1 week, followed by 5 weeks of chase without BrdU. To label proliferative cells, BrdU was administrated in drinking water (0.8 mg ml −1 ) for 2 days or EdU (50 µg g −1 body weight, Invitrogen) was injected intraperitoneally twice a day for 2 days before euthanization.
Whole-mount immunostaining in the tail epidermis. Tail skin pieces (5 mm × 5 mm) were incubated in EDTA (20 mM)/PBS on a shaker at 37 • C for 2 h to separate the epidermis from the dermis as an intact sheet. Epidermal sheets were fixed in 4% paraformaldehyde (PFA) overnight at 4 • C. The skin pieces were washed, incubated in blocking buffer (1% BSA, 2.5% donkey serum, 2.5% goat serum, 0.8% Triton in PBS) for 3 h at room temperature, and incubated with primary antibodies/blocking buffer overnight at room temperature. Samples were washed 4× in PBS with 0.2% Tween for 1 h at room temperature, and were incubated overnight with secondary antibodies at 4 • C. After washing, samples were counterstained with Hoechst for 1 h and mounted. For BrdU staining, the epidermal sheets were incubated for 30 min in 2 M HCl at 37 • C after blocking and analysed as indicated above.
Primary antibody dilutions: rabbit anti-K14 (1:1,000, BioLegend no. 905301), chick anti-GFP (1:500, Abcam no. ab13970), mouse anti-K10 (1:100, BioLegend no. 904301), rat anti-BrdU (1:300, Abcam no. ab6326, clone no. BU1/75 (ICR1)), guinea pig anti-K31 (1:100, PROGEN Biotechnik no. GP-hHa1), rabbit anti-caspase3 (1:300, R&D Systems no. AF835) and rabbit anti-Ki67 (1:100, Leica Biosystems no. NCL-Ki67p). All secondary antibodies (TxR, FITC, Cy5 or Alexa-594, Jackson ImmunoResearch) were used at a 1:500 dilution. The MOM kit (Vector Laboratories) was used for blocking with primary antibodies.
Preparations were analysed by confocal microscopy (Zeiss LSM710 or Zeiss LSM880) with Zen 2012 software. All confocal data are shown as projected Z-stack images viewed from the basal surface.
Whole-mount immunostaining in back skin. Telogen back skin was fixed in 4% PFA overnight at 4 • C. After washing 10× with PBS containing 0.3% Triton X-100 (0.3% PBST) every 30 min, the skin pieces (5 mm × 1 cm) were incubated with primary antibodies in blocking buffer (0.3% PBST containing 5% goat serum and 20% dimethylsulphoxide) for 5 d at room temperature. Samples were washed with 0.3% PBST every 30 min for 10× and were incubated overnight with secondary antibodies for 3 days at room temperature. After washing, samples were dehydrated sequentially in 25%, 50% and 75% methanol for 5 min and 100% methanol for 20 min, three times. After incubating with benzyl benzoate and benzyl alcohol (BBBA) at 2:1 (v:v) overnight at room temperature, samples became transparent and could be observed under the confocal microscope.
Primary antibodies were used at the following dilutions: rabbit anti-K14 (1:1,000, BioLegend no. 905301), chick anti-GFP (1:500, Abcam no. ab13970) and rat anti-CD31 (1:100, BD Biosciences no. 550274, clone no. MEC 13.3). All secondary antibodies (TxR, FITC or Alexa-594, Jackson ImmunoResearch) were used at 1:500 dilution.
Immunostaining of skin sections. Back and tail skin was directly embedded in Optimal Cutting Temperature (OCT) compound (Tissue Tek, Sakura). The frozen sections (10 µm) were fixed with 4% PFA for 10 min at room temperature. After blocking in normal serum, sections were incubated with primary antibodies overnight at 4 • C. The following day, the sections were washed and incubated for 1 h with secondary antibodies at room temperature. After washing, the sections were counterstained with Hoechst and mounted. For staining with anti-BrdU antibody, the sections were treated with 2 M HCl for 55 min at 37 • C after blocking and stained as described above.
Primary antibody dilutions were: rabbit anti-K14 (1:1,000, BioLegend no. 905301), chick anti-GFP (1:500, Abcam no. ab13970), rabbit anti-K1 (1:500, BioLegend no. 905601), rat anti-α 6 -integrin (CD49f) (1:150, BD Biosciences no. 555734, clone no. GoH3), mouse anti-K10 (1:100, BioLegend no. 904301), guinea pig anti-K31 (1:100, PROGEN Biotechnik no. GP-hHa1), rat anti-CD34 (1:150, BD Biosciences no. 553731), rat anti-BrdU (1:300, Abcam no. ab6326, clone no. BU1/75 (ICR1)), rabbit anti-Ki67 (1:100, Leica Biosystems no. NCL-Ki67p), rabbit anti-caspase3 (1:300, R&D Systems no. AF835), rabbit tenascin (1:300, EMD Millipore no. AB19013) and anti-K6 (1:500, Abcam no. ab24646). All secondary antibodies (TxR, FITC, Cy5 or Alexa-594, Jackson ImmunoResearch) were used at 1:500 dilution. For mouse primary antibodies, the MOM kit (Vector Laboratories) was used for blocking.
EdU staining was performed according to the manufacturer's protocol (Click-iT EdU Imaging Kits, Invitrogen). To measure GFP fluorescence, slides were washed 3× for 20 min in 0.1 M EDTA, followed by 5 min in PBS.
Preparations were examined using a fluorescent microscope (Nikon) and digitally imaged using a CCD (charge-coupled device) 12-bit digital camera (Retiga EXi; QImaging) and IP-Lab software (MVI).
FACS.
Mouse back skin was incubated in 0.25% trypsin/versene overnight at 4 • C and for 30 min at 37 • C. Single-cell suspensions were prepared by scraping off the fat and subcutaneous tissue from the dermal side of the skin followed by enzymatic digestions and subsequent filtering with strainers (70 mm, followed by 40 mm). Cells were stained with the following antibodies for 30 min on ice: CD34-biotin (1:50, eBioscience), streptavidin-APC (1:100, BD Biosciences) and α 6 -integrin-Pacific blue (1:100, BD Biosciences, custom order). Dead cells were excluded by propidium iodide (PI; Sigma) staining. FACS (FACS Aria, BD Biosciences) analyses were performed in the Cornell Flow Cytometry facility. FACS data were analysed with the FlowJo software.
GGAGTGGTA-3 and 5 -TCAATCTGCAGCAGCACGTT-3 ; involucrin, 5 -CACAATGCCAGGTCTTCACTGA-3 and 5 -AGGGTTTGGCCGCTTCTC-3 ; loricrin, 5 -TCACTCATCTTCCCTGGTGCTT-3 and 5 -GTCTTTCCACAACCC ACAGGA-3 . qRT-PCR for each gene is normalized to GAPDH. The relative level for each gene is set to 1 in the control population.
Microarray. Total RNA (5 ng) isolated from sorted cell populations was used with the Ovation Pico WTA System (NuGEN) for cDNA amplification, followed by Encore Biotin Module (NuGEN) for labelling and fragmentation of cDNA. The labelled cDNA was hybridized to Mouse Genome 430 2.0 genechips (Affymetrix) at Cornell Core Facilities. Microarrays were performed in triplicate (BL LRCs and BL non-LRCs) or duplicate (SL LRCs, SL non-LRCs and GL) isolated from two or three different mice.
Microarray analysis was carried out with GeneSpring GX13 software (Agilent Technologies). After normalization, the probes with a signal value <100 or reported 'absent' were excluded. The remaining probes that are ≥2-fold up-or downregulated in BL LRCs relative to BL non-LRCs were selected. Signature genes were defined as probes that were ≥2-fold upregulated in one fraction over all the others. Gene Ontology analyses were performed on differentially expressed genes ( Supplementary  Fig. 2c ) or signature genes (Fig. 2g ). Principal component analysis was performed on the entire set of probes (45,101 probes) with five epidermal populations and infrequently or frequently dividing HFSC (bulge) populations, and the scores were represented in a three-dimensional scatter plot. Hierarchical clustering was performed on 4,221 probes that were ≥5-fold up-or downregulated in any of two comparisons between five epidermal populations.
To compare the telogen versus anagen bulge populations with our populations, lists of '≥2-fold increased in telogen bulge over anagen bulge' (4,961 probes) and '≥2-fold increased in anagen bulge over telogen bulge' (3,105 probes) were used from the previously published microarray 34 . For the comparison with K14 + and Inv + populations, lists of '≥2-fold increased in K14 + over Inv + population' (2,456 probes) and '≥2-fold increased in Inv + over K14 + population' (2,671 probes) were used 26 . The genes enriched in our BL LRCs or non-LRCs were then compared with the above populations; the numbers of overlapping probes are shown in the pie charts (Fig. 2g ).
Wounding. Mice were injected with ketoprofen (2 µg g −1 body weight) and amoxicillin (100 µg g −1 body weight) to prevent infections. Wounding was induced by removing the surface of the tail epidermis using a no. 11 scalpel (Miltex). Isoflurane was used for the mouse anaesthesia.
Quantification of microscope images. Area or cell numbers were quantified by using ImageJ software. For calculating turnover times and division rates in the tail epidermis, the average intensities of H2B-GFP fluorescent signals on BL, SL, GL and CL on tissue sections were measured by using AutoQuant X software. The scale/interscale regions are defined on the basis of the retention of nuclei in the CL. The number of tdTomato + clones of the tail epidermis were counted on projected Z-stack confocal images. Clones are defined as clusters of cells that contain at least one basal or suprabasal cell.
Quantifications were independently performed on ≥2 mice, and ≥50 cells/structures were counted per mouse.
Statistics & reproducibility.
All experiments with or without quantification were independently performed at least twice with different mice and the representative data are shown. All statistical analyses were performed using the two-tailed Student's t-test; statistical significance was defined as P < 0.05.
Mathematical modelling. All details on mathematical modelling can be found in the Supplementary Note.
Data availability.
Microarray data that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) under accession codes GSE70523. All other data supporting the findings of this study are available from the corresponding author on request. 
Supplementary Note
Quantitative mathematical modelling
Modelling of H2B-GFP fluorescence dilution data implies two independent populations with different proliferation rates and primarily coupled division and transport for the rapidly dividing cells
The BL, SL, and GL cells are labeled with the same maximal amount of H2B-GFP at the beginning of the doxycycline-induced chase. As the chase proceeds, BL stem cells (SCs) and progenitors divide, diluting the H2B-GFP per cell by a factor of two at each division, so the number of times that a cell has divided since the start of the chase, d, can be determined from the 2 d -fold reduction in its H2B-GFP fluorescence. Therefore, H2B-GFP fluorescence intensity histograms of BL cells indicate the relative proportions of cells that have divided d = 0, 1, 2, . . . times 1,2 . This d-distribution depends primarily on the rate of cell division, but is also affected by the rate at which the undivided and divided cells are transported from the BL to the SL. Transport of divided cells into the SL and GL replaces the d = 0 cells in these compartments, so their H2B-GFP histograms provide insight into the transport mechanism and rates. (Since CL cells are not included in the FACS analysis, GL→CL transport is not analyzed here.)
In these experiments, tdTomato, α6-integrin, and CD34 markers were used to identify BL, SL, and GL cells from the back skin of mice that had been sacrificed after 3-, 7-, and 21-day chases (Fig. 3a) . Their H2B-GFP histograms (Fig. 3b) were deconvolved (Fig. 3d ) as previously described 3 to determine the ddistributions for all 9 compartment/chase duration combinations (Fig. 3e, green) . (See Theoretical Methods, below, for further details.) A maximum of eight peaks could be resolved in the FACS data, which limited the analysis to d ≤ 7.
As discussed in the main text, two observations are striking: First, most of the BL cells are dividing rapidly-85% of them divided at least once by 3 days. Second, all the SL and GL cells are replaced at similar fast rates. The second observation is only partly explained by the rapid division and the homeostatic requirement that the density of cells in each compartment remain constant. Homeostasis implies that the BL→SL transport rate must equal the mean BL division rate, λ BL , and that the SL→GL and GL→CL transport rates are fixed by λ BL and the ratios between the layer cell densities (ρ BL , ρ SL , and ρ GL ); the transport rates are not independent parameters. The cell density ratios were determined by microscopy and cell counting of the BL, SL, and GL in back skin sections to be ρ SL /ρ BL = 0.78±0.07 and ρ GL /ρ BL = 0.52±0.05. Since the ratios are less than one, we expect the SL→GL and GL→CL upward cell transport rates to be faster than the mean division rate.
However, even these fast transport rates would not be adequate to account for the very rapid replacement of undivided SL and GL cells with divided cells from the BL if division were uncorrelated with transport. (We call this "uncoupled division".) In that case, the transported cells would be randomly selected from, and have the same d-distribution as, the BL cells. Then, because of the time required to displace the bulk of the SL and GL cells, the SL and GL d-distributions would lag the BL distribution. On the other hand, the rapid reduction in the number of undivided SL and GL cells can be explained by the hypotheses that rapid division is tightly "coupled" to transport. In that case, every transported cell will have just divided, and at each instant the mean number of divisions of the transported cells will be one greater than the mean number of divisions of the BL cells. This will accelerate the rate of change of the d-distributions in both SL and GL.
We quantitatively tested this hypothesis by dynamically modelling the division and transport processes. We tested both previously analyzed 4, 5 and new models that differ in the numbers of subpopulations within the BL, SL, and GL compartments, the lineal relationships between them, and the extent of coupling between division and BL→SL transport. All the models allow stochastic variation of both division and transport intervals, which are parameterized by the mean rates. The best-fit parameters were determined by minimiz-ing the total discrepancy ∆ between the experimental and predicted d-distributions summed over the nine compartment/chase-duration measurements ( Figs. 3e and Supplementary Fig. 3b ; The bars are normalized so that the sums of densities over the displayed ranges are unity). ∆ = 0 for a perfect fit and increases as the fit deteriorates; the best-fit parameters and ∆ for the different models are given in Fig. 3c and Supplementary  Fig. 3a . Adding the number of parameters to ∆ approximates half the Akaike Information Criterion 6 and can be used to compare models with different numbers of parameters.
To challenge the inference that the fast division must be coupled to BL→SL transport, we considered three models in which division and transport are uncoupled. The simplest such model is one in which the BL contains a single population of stem cells (SCs) that symmetrically divide to SCs at rate λ S while also undergoing uncoupled, stochastic differentiation and transport from BL→SL, and then from SL→GL→CL ( Supplementary Fig. 3a, blue) . As in all the models considered, the transport rates are not independent parameters; rather, they are determined from λ S by the homeostatic requirement that the density of cells in each layer be constant in time. While this model with the best-fit value of λ S = 0.29/day fits the BL division data reasonably well ( Supplementary Fig. 3b, blue) , the transport rate is much too slow and does not fit the SL and GL data. In this model complete replacement of the undivided d = 0 cells in SL and GL is not predicted until 3 weeks, while the data show that most SL and GL cells are replaced by 3 days and that all cells are replaced by 1 week ( Supplementary Fig. 3b, green) .
We next tested the single-progenitor "P-D" (or "committed progenitor") model that was proposed by Clayton et al. 4 to explain their lineage-tracing experiments. In this model the BL contains a population of self-renewing, dividing progenitor (P) cells that generate a second population of non-proliferating differentiated cells (Ds). Only the differentiated cells are transported to the SL, so transport and division are uncoupled (Fig. 3c, gray) . Both division and transport are modeled as random processes governed by mean rate constants. The predictions of the model for a fluorescence dilution experiment are governed by two independent parameters: the fraction of differentiated cells in BL and λ P , the mean progenitor division rate. (The mean transport rate is fixed by the homeostatic requirement of constant cell density. The symmetry parameter r that was used in applying the P-D model to lineage tracing data is not relevant for fluorescence dilution analysis; therefore, we do not distinguish between symmetric and asymmetric divisions in Fig. 3c .) Clayton et al. found that this model provided a good fit to their lineage tracing data with 78% of the BL comprised of differentiated cells and λ P ≈ 0.16/day. The model with these values clearly does not fit the d distributions from our H2B-GFP dilution data since it implies that only half of the BL cells would have divided by day 3. An improved, but still poor, fit to the BL data can be obtained if we use the best-fit division rate of λ P = 1.7/day (∆ = 204; Supplementary Fig. 3b , gray); but this very fast rate is biologically improbable, and the predicted transport rates are still much too small to explain the SL and GL H2B-GFP dilution data. This problem can be ameliorated if the proportion of differentiated cells in the BL is decreased to 50%, but even then the best fit that can be obtained (with λ P = 0.58/day) does not predict the observed fast replacement of the undivided cells in SL and GL (∆ = 70; Fig. 3e, gray) .
If both P-D model parameters are allowed to vary without constraint, the best-fit model contains only 8% differentiated cells in the BL and λ P = 0.47/day. Because the fraction of differentiated cells is so small, to maintain constant BL cell density the differentiated cells must be transported from BL→SL almost as soon as they are created. Therefore, the model with these parameters is degenerate and is effectively equivalent to a single-population model in which division is coupled to transport: it generates almost the same d-distribution and discrepancy (∆ = 35) as the single-population coupled SC model (see below and Supplementary Fig. 3b, dark blue) . As with that model, the fit to the SL and GL data is improved, but the fit to the day 7 BL distribution is degraded. For example, the p-values for the d = 0 and d = 1 probabilities under the best-fit model are 10 −7 and 5 × 10 −7 , respectively. No good balance between the requirements imposed by the SL and GL data and those imposed by the BL data could be found. Moreover, the P-D model requires an additional adjustable parameter to do this, so it is not of interest. We conclude that the P-D model is poor for these data.
We also considered the stem cell/progenitor "SC-P-D" model that was introduced by Mascre et al. 5 This makes both quantitative and qualitative changes to the P-D model: (1) The fraction of differentiated cells in the BL is decreased to 20%. (2) The model adds a SC population that undergoes stochastic division both for self-renewal and the generation of Ps (Fig. 3c, blue) . This introduces two additional parameters that are relevant to analyzing a H2B-GFP dilution experiment: the proportion of the BL composed of SCs and λ S , their mean division rate. This model with the Mascre et al. parameters (5% SCs, λ S ∼ 5/year, λ P = 0.18/day) also failed to fit the data.
For an extended test of the possibility that hierarchically combining a SC population with a descendant progenitor population could improve performance, we tested the model allowing all parameters except for the fraction of differentiated cells to vary. An improved best-fit was obtained (λ S = 0.30/day, λ P = 0.48/day; ∆ = 37; Fig. 3e, blue) , but it contains no SCs and so is equivalent to the P-D model, albeit with a reduced fraction of differentiated BL cells. When all four SC-P-D parameters were allowed to vary without constraint, the best-fit model was the same as the unconstrained P-D model: it has no SCs and only a small number of differentiated cells that are almost immediately transported from BL→SL after creation. Thus, like the P-D model, the SC-P-D model cannot fit all the data even though two additional adjustable parameters are included. We conclude that allowing for a SC population that generates the progenitor population does not improve the fit to the data.
Having demonstrated that models in which division and BL→SL transport are uncoupled cannot wellmodel all the data, we tested the simple single-population SC model in which these two processes are tightly coupled ( Supplementary Fig. 3a , dark blue; red arrow denotes coupled transport). This could model, for example, the biological situation in which the mitotic plane is perpendicular to the basement membrane and division is physically asymmetric: a SC attached to the basement membrane divides into a SC that remains membrane-attached and a descendant that is transported to the SL and differentiates 7 . As a result, divided cells are more rapidly transported from BL→SL. (However, physical asymmetry is not required and the model is consistent with any mechanism that couples division to BL→SL transport.) Like the uncoupled SC model, there is only one adjustable parameter-the SC division rate λ S , which had a best-fit value of 0.47/day (∆ = 36). As hypothesized, the coupling greatly improves the fit to the SL and GL data ( Supplementary  Fig. 3b, dark blue) . The fit obtained with this simple model is very close to that obtained with the more complicated unconstrained P-D and SC-P-D models. We conclude that the data strongly suggest that most fast division is tightly coupled to BL→SL transport and that adding multiple lineally related components to the BL does not improve the fit to the data.
However, as discussed above, none of these models provides a good fit to the day 7 BL d-distribution. This suggests that the BL contains an additional population that divides at a slower rate. The most economical way to model this is by including a second, slowly dividing SC population. This gives a model with two independent proliferating populations that we call the "two-SC model" ("2×SC"; Fig. 3c, yellow) . It has three independent parameters: the division rates of the fast-and slow-dividing populations, λ S 1 and λ S 2 , and the fraction of fast SCs in BL, f S 1 . We considered variants of the model having different degrees of coupling between division and BL→SL transport. For simplicity, we first consider a semi-coupled model in which division of the fast population is completely coupled with transport (red arrow in Fig. 3c , yellow) while division of the slow population is completely uncoupled, since this is adequate to well-model the H2B-GFP dilution data. (In the sequel we discuss a refinement of the model for analyzing the lineage tracing data.) This model well-fits the data if cells in the fast population divide on average once every two days (λ S 1 ≈ 0.51/day), cells in the slow population divide on average every ∼ 5 days (λ S 2 ≈ 0.19/day), and the fast cells comprise about two-thirds of the BL (f S 1 ≈ 0.70; ∆ = 27; Fig. 3e, yellow) .
We conclude that dynamic modelling of the H2B-GFP fluorescence dilution suggests that the BL contains at least two independently dividing populations and that transport of at least most of the rapidly dividing cells is coupled to cell division. The slowly and rapidly dividing SC populations identified here probably correspond to the LRC and non-LRC populations identified from the independent experimental data. The quantitative modelling implies that the non-LRC's divide ∼ 2.5 times faster than the LRCs. The correspondence is further supported by the agreement between the fraction of fast SCs in the model (f S 1 ) and the fraction of non-LRCs estimated by examining the areas of the spatially separated, non-LRC and LRC regions in the tail: photomicrography suggests that they are present in a 65:35 ratio ( Fig. 1h and Supplementary Fig. 5a ), which is close to the 70:30 ratio computed here.
The tail epidermis short-term H2B-GFP fluorescence dilution data reported by Mascre et al. 5 for the BL compartment at 6 and 9 days (their Fig. 3j and Supplemental Fig. 6d ) is consistent with the 3-and 7-day back skin BL data reported here (Fig. 3e, green) . However, their 3-week data (their Fig. 3j ) is quite different from ours (Fig. 3e, green) . While our data show much larger proportions of highly divided cells at 3 weeks relative to 7 days, their 3-week proportions are only increased slightly beyond their 9-day proportions. This may reflect differences in the experimental selection procedures, mouse age during the chase, or the type of skin (tail vs back) that was analyzed. For example, it may be relevant that we used an additional selection to isolate cells for H2B-GFP FACS analysis: in addition to the α6-integrin + /CD34 − selection used in both sets of experiments, the cells analyzed here were also selected for K14 CreER -induced recombination and expression of the tdTomato marker ( Figs. 2a and 3a) . At the low doses of tamoxifen used, this selection excluded other epidermal skin compartments such as infundibulum, isthmus, hair follicle outer root sheath, sebaceous gland, and hair germ that could contribute to the data. In any case, their modelling 5 may not have revealed the fast-dividing population because, as shown above, the identification depends critically on including the SL and GL data, which was not available for their analysis.
Turnover and division rates in the tail scale (enriched in non-LRCs) and interscale (enriched in LRCs) epidermal regions
The ability to morphologically distinguish the scale and interscale epidermal regions in the tail provided an opportunity to compare the division rates within these regions with the values calculated from the H2B-GFP dilution data. (This could not be done for back skin, because its non-LRC and LRC regions are not morphologically distinct in tissue sections prior to doxycycline chase.) K5-tTA/pTRE-H2B-GFP mice were chased with doxycycline ( Supplementary Fig. 3c ), and the H2B-GFP signals within the BL and SL (scale) or the BL and SL+GL (interscale) regions were measured by fluorescence microscopic image analysis of transverse sections ( Supplementary Fig. 3d ). The initial (i.e., day 0) H2B-GFP fluorescence signals varied by only ∼ 5% between mice, so the temporal reduction of fluorescence could be determined by comparing the values from mice chased for different intervals ( Supplementary Fig. 3e ). By interpolation we see that the turnover half-lives for the BL plus analyzed suprabasal region are ∼ 3.5 days (non-LRC) and ∼ 6.2 days (LRC).
The least-square best-fit non-LRC and LRC division rates were determined from the BL data using the fast (S 1 ) and slow (S 2 ) 2×SC subpopulation models, respectively. This gave λ S 1 = 0.40/day and λ S 2 = 0.14/day. These values are 20-25% lower than the best-fit values from the back skin H2B-GFP dilution experiments, while the ratio between them, λ S 1 /λ S 2 = 2.9, is very close to the back skin ratio, 2.7. (The division rate ratio differs somewhat from the inverse of the turnover half-life ratio because the BL H2B-GFP turnover depends on the extent to which division is coupled to transport.) This excellent agreement, allowing for overall slightly slower cell division in the tail than in the back, supports the two stem cell model and the hypothesis that the back and tail LRC and the back and tail non-LRC populations are closely related.
Lineage tracing implies a mixture of coupled and uncoupled division/transport Mixed (hybrid) coupling and uncoupling of non-LRC and LRC division to BL→SL transport. SCs that divide with complete division/transport coupling, such as the fast SCs in the minimal 2×SC model described above, cannot form BL clones since the descendants are transported as quickly as they are gen-erated. However, lineage tracing showed that the non-LRCs as well as the LRCs form clones in the BL (Fig. 4f ). To accommodate this observation, the 2×SC model must be extended to allow at least some uncoupled division of the fast (i.e., non-LRC) population as well. A mixture of coupled and uncoupled division/transport might result from differing microenvironments or from stochastic behavior within a single environment with probabilities 1 − u S 1 for coupled-and u S 1 for uncoupled-division/transport (Supplementary Fig. 3a, yellow ; red arrow denotes coupled transport). u S 1 cannot be determined from the dilution data, but we found that the stochastic hybrid model provides a better fit than all the other models as long as u S 1 ≤ 30%. For example, Supplementary Fig. 3b , yellow, displays the best-fit of the 2×SC hybrid model (f S 1 = 0.74, λ S 1 = 0.47, λ S 2 = 0.19, u S 1 = 0.20), in which 20% of the rapidly dividing cells divide symmetrically and retain both descendants in the BL, thus allowing for clone formation in the BL.
Conversely, while the H2B-GFP dilution data was well-fit by the minimal model in which slow population division was completely uncoupled from BL→SL transport, that data does not exclude the possibility that the slow population also divides with partial coupling to transport.
Neutral drift and clone number evolution in the tail interscale. In many, if not most, cases, homeostatic tissue replacement involves neutral competition between clones, which predicts a neutral drift of individual clone sizes and numbers with time in lineage tracing experiments: marked stem cells form a decreasing number of clones having increasing mean size over time 8 . The rate of change depends on the probability that a cell division changes the number of proliferating cells in the BL: "asymmetric divisions" do not change the number while "symmetric divisions" decrease or increase the number by one. In this context these terms do not imply physical asymmetry or symmetry of the division process. For example, a division that is tightly coupled to BL→SL transport in the 2×SC model is asymmetric because the number of SCs does not change, whether or not this results from physical asymmetry 7 or another biological mechanism. Conversely, in this context an uncoupled division is symmetric regardless of the physical symmetry of the process. The hybrid 2×SC model is consistent with neutral drift; therefore, quantitative analysis of lineage tracing experiments can be used to estimate the fraction of uncoupled divisions in the non-LRCs (u S 1 ) and LRCs (u S 2 ).
Since Dlx1 is preferentially expressed in the LRC cells ( Figs. 4c and 5c ), we used it in lineage tracing to estimate u S 2 in the tail epidermal interscale regions: Dlx1 CreER /Rosa-tdTomato mice were injected with tamoxifen to induce low-frequency Dlx1 CreER -induced recombination and expression of tdTomato. This permitted the change in the number and total vertically projected size (i.e., fractional area) of the tdTomato + clones within the line and non-line interscale substructures to be measured for periods up to one year. Consistent with neutral drift, the number of clones decreased ( Supplementary Fig. 5f ) even as their fractional area increased due to clone spread into the suprabasal region ( Fig. 5f ). Combining this information with the interscale LRC division rate determined from the H2B-GFP reduction measurements (λ S 2 = 0.14/day; Supplementary Fig. 3e ) implies that the probability of uncoupled division is similar in both interscale regions ( Supplementary Fig. 5g , solid lines): u S 2 = 0.18 (non-line) and 0.12 (line). Accounting for the 2.6:1 ratio of non-line to line area ( Supplementary Fig. 5a ), we estimate that u S 2 ≈ 0.16 in interscale overall. This value for the LRCs is within the range u S 1 ≤ 0.3 that is consistent with the H2B-GFP dilution data for the non-LRCs, so it is possible that both populations divide with the same degree of coupling.
The data exclude the alternative model that the extent of coupling between division and transport is determined by microenvironments within the interscale and scale subregions as long as the Dlx1 CreER -marked cells are representative of the complete LRC population. However, while it seems unlikely, we cannot exclude the possibility that Dlx1 marks a subset of the LRCs that divide with a slower rate and with different values of u S 2 . The slowest rate consistent with the data is λ S 2 ∼ 0.02 − 0.03/day, which would fit the data if division were completely uncoupled (i.e, u S 2 = 1; Supplementary Fig. 5f, dotted lines) .
The lineage of the small number of Dlx1 CreER -marked cells in the scale region (which mainly contains non-LRCs) is unclear since Dlx1 is only a preferential, not absolute, marker of LRCs. The number of clones formed by these cells decreased with time at about the same rate as the Dlx1 CreER -marked cells in the interscale ( Supplementary Fig. 5f ). However, these clones were almost twice as small as those in the non-line interscale ( Supplementary Fig. 5e ), indicating decreased proliferation and differentiation of the Dlx1 CreER -marked cells in the scale region.
Similar analyses were not performed to determine u S 1 for the non-LRC cells because the rapid growth and overlap of the Slc1a3 CreER -marked clones prevented counting clone number at the later times.
In summary, the H2B-GFP dilution data and lineage tracing data together imply that the non-LRCs divide at similar fast rates (0.4-0.5 divisions/day) in both the back and tail with most, but not all, divisions tightly coupled to BL→SL transport. The back and tail LRCs divide at slower rates (0.14-0.19 divisions/day) and it is likely, but not unequivocal, that most of their divisions are also coupled to transport.
Comparison to previous quantitative models of the mouse epidermis
The hybrid 2×SC model is quite different from the P-D and SC-P-D models previously proposed by Clayton et al. 4 and Mascre et al. 5 Both SC populations in our hybrid 2×SC model are independent and have two distinct populations of differentiated descendants that travel independently through the SL and GL. In contrast, the P-D Clayton et al. model differs from a single-population model only in that differentiated cells are retained in the BL before transport to the SL; only a single type of differentiated cells travels through the SL and GL in this model. In the same vein, while the SC-P-D Mascre et al. model introduces another population, K14 CreER SCs, into the BL, these do not comprise an independent population. Rather, these SCs are precursors of the Inv CreER cells. Moreover, they are not spatially segregated and only one type of differentiated cell is generated. These differences are displayed in the subdivisions of the bars in Fig. 3e and Supplementary Fig. 3b , which show the individual subpopulation contributions.
The Clayton et al., Mascre et al., and hybrid 2×SC models all imply that neutral drift of clone number and size will be observed in lineage tracing experiments, and such data can be used to estimate the mixture of "asymmetric" and "symmetric" division that is occurring 8 . Interestingly, the best-fit division rate (∼ 0.17/day) and asymmetric division fraction (∼ 80%) computed using those models for the mouse tail Ah CreER + and Inv CreER + committed progenitor populations are both similar to the corresponding best-fit values (∼ 0.14/day and ∼ 84%, respectively) computed from the 2×SC model for our tail skin LRC population. However, the biological processes that are assumed to explain the mixture of symmetric and asymmetric divisions in the neutral drift process are different: in the previous models, asymmetric division generates one differentiated and one committed progenitor cell in the basal layer, and symmetric division generates either zero or two differentiated cells in the basal layer; all three types of division are uncoupled from transport. In the hybrid 2×SC model, asymmetric (i.e., coupled) division involves the closely coincident transport of one descendant to the SL during a division, while neither descendant is immediately transported during a symmetric (i.e., uncoupled) division; there is no need to posit differentiation within the BL. However, the possibility of some small fraction of differentiated cells in the BL or additional minor subpopulations is not excluded.
Relationship to the mouse epidermis turnover rate
Potten et al. 9 injected mice with [ 14 C]thymidine and showed that the time to peak 14 C in the GL was ∼ 4.5 days. This includes the time required for cell division in the BL (during which the thymidine is incorporated) and BL→SL→GL transport, and so represents the turnover time of the nucleated epidermal layers. Since transport itself requires on average about three days 9 , this implies that a large amount of BL cell division must occur with two days. This is consistent with our H2B-GFP data, which implies that ∼ 70% of the BL cells divide on average every two days. We quantitatively tested this by simulating the thymidine-labelling experiments using the 2×SC model and, in remarkable agreement, found that the peak of the transit-time distribution of a radioactive label from the BL to the GL was also ∼ 4.5 days.
Summary of modelling results
The simultaneous collection of H2B-GFP dilution data for the SL and GL layers along with the BL layer permitted a more detailed and accurate analysis of the kinetics of mouse epidermal division and transport than has previously been possible. Mathematical modelling of this data allowed us to infer, independently of the molecular analysis, that the back skin BL contains at least two independent dividing populations of cells. The rapidly dividing population, which comprises about two-thirds of the BL, divides on average about once every two days; this is almost three times faster than the slow population, which comprises about one-third of the BL and divides on average once every five days. The relative proportions inferred from modelling agree with the relative proportions of non-LRC and LRC cells measured by photomicrography, supporting the hypothesis that the mathematically inferred populations correspond to the experimentally identified types. In addition, by analyzing the temporal reduction of total H2B-GFP fluorescence in the morphologically distinct tail scale (enriched in non-LRCs) and interscale (enriched in LRCs) regions, we were able to estimate the tail skin non-LRC and LRC division rates and nucleated layer turnover times. The ∼ 3 : 1 ratio between the division rates in tail skin was in excellent agreement with the ∼ 2.7 : 1 ratio of the back skin rates computed from the H2B-GFP dilution analysis, although both tail rates were ∼ 20 − 25% slower than those of their back counterparts.
Since essentially all nucleated epidermal cells expressed the H2B-GFP transgene, we can be certain that the fast and slow populations identified by the dilution data analysis comprise the bulk of the granulated epidermis. This assurance is an important complement to the data utilizing molecular expression patterns. Using the best-fit 2×SC model, we compute that a FACS-selected population of BL cells having d ≤ 3 after a 14 day chase will contain 85% LRCs, and that the population having d ≥ 6 will contain 80% non-LRCs. Therefore, these populations provided good reagents for identifying mRNA expression differences between the LRC and non-LRC populations (Fig. 2 ).
Theoretical methods
Deconvolution of the H2B-GFP fluorescence dilution data
Cells from the back skin of two mice each were analyzed at days 3 and 7, and from five mice at day 21. Compartment-gated FACS data (e.g., tdTomato + , α6-integrin + , CD34 − for BL; Fig. 3b ) were exported as scale values from FlowJo 6.5.7. Histograms of these data were deconvolved by variational Bayesian Gaussian mixture modeling as previously described 3 . In a few cases where peaks could not be resolved by this method, the relative d-proportions were determined by dissecting the relevant histogram region using the dilution relationship log 2 I(d) = const − d, where I(d) is the fluorescence intensity corresponding to the value of d.
The complete histograms were resolved for day 3, but only the peaks for d ≤ d max (7) = 5 and d ≤ d max (21) = 7 could be resolved for days 7 and 21, respectively. In those cases, the proportions were renormalized so that their sum for 0 ≤ d ≤ d max (t) equalled one. [To permit uniform notation in which all d-summations are bounded by d max (t), we define d max (3) = ∞.]
Mathematical modeling
Notation. A general formulation for H2B-GFP fluorescence dilution modeling. The dynamical models that describe the time evolution of the η x d (t) in a H2B-GFP dilution experiment are described by linear differential equations. To facilitate consideration of a large number of models, we develop a general form that can be applied in all cases.
The uncoupled, single SC model. First consider a simple model for SCs that divide symmetrically and undergo uncoupled, stochastic transport ( Supplementary Fig. 3a, blue) . When the division half-life is long compared with the shortest possible time between divisions, division and transport can be modeled as a Poisson processes 3,4,5 . The differential equations and boundary conditions for the (area) cell d-densities are
where λ S is the SC division rate, the k x→x are the transport rates, and, since there is only one population in BL in this model, ρ S = ρ BL . The terms in the first equation correspond to the creation of two d-cells from one (d − 1)-cell, and all the other terms correspond to stochastic transport between compartments. The total density of each component is
where, in this model, x ∈ {S, SL, GL}. Homeostasis requires that, as indicated, the ρ x must be constant. This constrains the transport rate constants: summing the differential equations over d, applying Eq. (2), and setting the derivatives equal to zero gives linear equations that imply
Since ρ S = ρ BL , only the ratios of the compartment densities are relevant, and these were fixed at the experimentally determined values ρ SL /ρ BL = 0.78 ± 0.07 and ρ GL /ρ BL = 0.52 ± 0.06. Therefore, the only independent parameter in this model is λ S .
We can solve the equations analytically using generating functions to get the component d-densities. We sum the d-densities for all the components (i.e., populations) within a compartment to get the d-densities for compartment c, η c d (t). In this case there is only one component in each compartment, so this is not necessary. Because we experimentally determine the relative proportions only for d ≤ d max , we similarly renormalize the model-predicted values with this bound:
where c is any compartment.
Vector generating functions. The above equations can be compacted using a vector format. We begin by defining the N x -vector x, which identifies the N x components, and the d-density vectors over the component space:
In this case,
The predicted d-proportion vectors for comparison with the experimental data,
are determined by projection using the 3 × N x -matrix C and renormalization:
where diag(·) is the diagonal matrix with elements specified by the argument. In this simple model, C equals the identity matrix I, but this will not be so when there is more than one component per compartment. In that case, C will be a rectangular, not square, matrix. Defining the vector generating function,
Eqs. (1) and (2) can be rewritten as
where, using the transport rate constraints, the transition matrix for this model is
These equations have the solution η η η(ξ, t) = e −Γ(ξ)t · ρ ρ ρ .
The matrix exponential can be evaluated analytically and the individual d-components can be obtained by differentiation
Factoring the transition matrix. Rewriting Eqs. (1) with each d-density divided by its respective total component density and applying the transport rate constraints gives
This form reveals a structure that is common to all the models that we consider: The equations, with the transport rates set to their constrained values, are simplified when expressed in terms of the fractional ddensities η x d /ρ x . The remaining (division) rates appears as pre-factors. (In this simple case there is only one.) To illuminate and exploit this inherent structure, we factor the transition matrix as
where F is a stochastic flow N x -vector that contains the division rates and the constrained transport rates expressed in terms of the division rates. T (ξ) is a N x × N x transfer matrix. In this case F S is the rate of density creation, and F SL and F GL are the flow rates of density transport. Each of these is λ S ρ S , so F = λ S ρ S (1, 1, 1) . The transfer matrix mirrors the structure of the fractional d-density terms within brackets in Eqs. (10)
[We present below the definitions of F and T (ξ) in the general case.]
Generalization of the vector generating function form (VGFF) to more complex models. This representation, using vector generating functions and factored Γ(ξ), generalizes to all the models that we consider and can be used to facilitate their analysis. It automatically incorporates the homeostatic constraints of Eq. (7)b to fix the stochastic transport rate constants. In addition, T (ξ), which is dimensionless and free of most model parameters, elucidates the underlying structure of the division and transport processes in the model. To understand how this works in general, note that since each component initiates at most one stochastic transport process, we can associate each transport rate with a unique component. Therefore, as in the example above, summing the differential equations for these components over d and setting the derivatives to zero gives one linear equation per transport rate. (We do not include in this count density transfers that are coupled to division, and therefore have no independent rate constant.) Because there are no closed transport cycles, the complete set of transport rate linear equations is triangular, and therefore has a unique solution for the rates.
Eqs. (7) imply that the constant-density constraints are equivalent to
The right-factorization of diag(ρ ρ ρ) −1 reduces this equation to
where 1 is the constant-unity vector (i.e., with all components equal one). Therefore, with the diag(ρ ρ ρ) −1 factorization, we know that the transport rates have been correctly fixed if Eq. (12) is satisfied. A further simplification is provided by the left-factorization of diag(F), which removes the remaining (i.e., the division) rates from T (ξ) leaving it dimensionless. In general, we set F x equal to the rate of density creation for the dividing (S and P) components, or to the density outflow rate for the non-dividing (D, SL, and GL) components.
Left-factoring these terms from Γ(ξ), as in Eq. (11), leaves T (ξ) with a simple structure: the diagonal elements of the non-dividing components are always −1 because transport is their only stochastic process and the outflow rate has been factored into the flow vector. The diagonal elements of the dividing components always include a −1 corresponding to stochastic division, and may include additional terms corresponding to the immediate retention of one (ξ) or both (2ξ) descendants after division. They will also contain terms corresponding to stochastic transport out of the dividing compartment if transport is uncoupled from division. The off-diagonal terms represent inter-component transfers. These will be multiplied by ξ if transport is coupled to division (i.e., the d-value increases), but not if it is an uncoupled stochastic process.
Using these rules, Γ(ξ) can be constructed for most models without explicitly solving the homeostatic constraints or writing out the differential equations and boundary conditions. (The hybrid 2×SC model that we discuss below is the only exception considered here.) Nonetheless, for clarity we also list the explicit differential equations and boundary conditions for each model below.
T (1) also satisfies the weighted column summation condition
where ∆ ∆ ∆ is the N x -vector with components ∆ x , where ∆ x is the rate of density change contributed by component x to the system:
[P (progenitor) and D (differentiated cell) are BL components in models that we consider below.] Eq. (13) reflects the steady-state, density-conserving flow of the cells: all the density generated in BL must flow out through GL. Eq. (14) reflects the steady-state flow of total density within the system. Most of the models that we consider below have multiple components per compartment. The N x -vector ρ ρ ρ of component total densities is constrained by the 3-vector ρ ρ ρ exp of experimental compartment densities:
Since the ratios between the three compartment densities are fixed at their experimental values and only ratios of the ρ x affect the solution, there are only N x − 3 independent density parameters. The component d-densities are combined into compartment d-densities by Eq. (6) for comparison with the experimental compartment d-densities, but the individual component d-densities are used for subdividing the bars in the charts in Fig. 3e and Supplementary Fig. 3b . Using this representation, each model is completely specified by x, C, ρ ρ ρ, F, and T ; Eqs. (4)-(9) and (11)-(15) always hold true.
Computation in the x × d vector-product space. Because T (ξ) is usually a sparse matrix, Eqs. (8) and (9) can be solved analytically in (at least most of) the cases we consider. However, the high-order differentiations needed to determine the η η η d (t) from η η η(ξ, t) for d 1 in the models with many components give complicated collections of terms that are numerically difficult to sum with adequate accuracy. Therefore, we extend the formulation to a numerically stable variant in which the η x d (t) are reinterpreted as components of doubly-indexed vectors in the x ⊗ d product space, λ λ λ and ρ ρ ρ are reinterpreted as outer products of the corresponding vectors in the x-space and the constant-unity vector in the d-space, ξ-independent terms in T (ξ) are reinterpreted as multiples of the identity matrix in the d-space, and ξ in T (ξ) is reinterpreted as the raising operator in the d-space [i.e., which have matrix elements δ d,d−1 (1 ≤ d ≤ d max ) ]. With this understanding, the VGFF provides a convenient method for structuring the computational algorithm. x ⊗ d vectors are encoded as N x × (d max + 1)-vectors and, since Γ(ξ) is very sparse in this representation, the matrix exponentiation appearing in Eq. (8) can be computed accurately.
The coupled, single SC model. Division and transport are coupled in this model; one descendant of a divided SC remains in the BL while the other is immediately transported to the SL ( Supplementary Fig. 3a , dark blue). The dynamic equations and boundary conditions are
The VGFF is specified by the same x, η η η d (t), C, ρ ρ ρ, and F as the uncoupled model; the only difference is that
The differences arise from the coupling of division and transport in this case: T SL,S (ξ) is changed from 1 in the uncoupled model to ξ here because BL→SL transport is coupled to division, so the division number of the transported cell in SL is one greater than that of the parental cell in BL. The 2ξ and −2 terms in the uncoupled T S,S (ξ) are changed to ξ and −1 because only one descendant remains in the BL immediately after division and because there is no stochastic BL→SL transport. Because of this, λ S must be twice as large in this model as in the uncoupled, single SC model to yield the same S d-distribution. Concomitantly, the predicted rates-of-change of the SL and GL d-distributions relative to that of the BL d-distribution are twice as fast in this coupled model than in the uncoupled model.
The single progenitor, P-D model. This model, proposed by Clayton et al. 4 , has both progenitor and differentiated cells in the BL. The progenitors divide to self-renew and generate differentiated cells that are stochastically transported to SL (Fig. 3c, gray) . The dynamic equations and boundary conditions are
where, in accord with Eq. (15), ρ P + ρ D = ρ BL . The VGFF is x = (P, D, SL, GL) (1, 1, 1, 1 )
There are two independent parameters, the progenitor division rate, λ P , and the fraction of BL cells that are progenitors, f P = ρ P /ρ BL .
The stem cell-progenitor, SC-P-D model. This model, proposed by Mascre et al. 5 , adds self-renewing SCs to the P-D model (Fig. 3c, blue) . The equations used by Mascre et al. (their Supplementary Information Sec. 4.1) do not preserve cell densities, because the SCs are constantly adding cells to the independently self-renewing progenitor population. Nonetheless, those equations provided an adequate approximation for their analyses since only a very small fraction, f S = ρ S /(ρ S + ρ P + ρ D ) = 0.05, of SCs were included in their modeling. However, in this case we explore the complete range 0 < f S < 1, so it is necessary to amend the equations to ensure homeostasis. A number of biological mechanisms could be involved in homeostasis; e.g., progenitor cell death, occasional differentiation of both progenitor cell division descendants, or differentiation independent of progenitor division. Each mechanism introduces an additional parameter into the differential equations, which is then fixed by the constant-density requirement. For example, some progenitor cell death combined with homeostatic feedback to the SC division rate gives the amended differential equations and boundary conditions
where λ P is the mean net rate of successful divisions, and ρ S + ρ P + ρ D = ρ BL . The addition to the original formulation of the term −k d η P d (t) in the second equation represents the rate of division-coupled cell death; it is constrained by the constant-density requirement to be k d = λ S ρ S /ρ P . (While mechanistically this is a feedback constraint on λ S , for convenience we treat λ S as an independent parameter and k d as a constrained parameter.) We used this form because it is biologically plausible.
The corresponding VGFF is 
There are four independent parameters: λ S , λ P , and the fractions of BL cells that are SCs and progenitors, f S = ρ S /(ρ S + ρ P + ρ D ) and f P = ρ P /(ρ S + ρ P + ρ D ).
The two-SC, 2×SC models. These models have independent self-renewing, fast-(S 1 ) and slow-(S 2 ) dividing populations. We assume that both populations differentiate into a combined pool of cells in the SL that are subsequently transported to the GL. We focus on two closely related variants: the semi-coupled variant in which division of S 1 is coupled to transport and division of S 2 is uncoupled ( Fig. 3c, yellow) , and a hybrid variant in which S 1 divisions are either uncoupled or coupled to transport with probabilities u S 1 or 1 − u S 1 , respectively, while division of S 2 remains completely uncoupled ( Supplementary Fig. 3a , yellow). Although the semi-coupled model is a special case (u S 1 = 0) of the hybrid model, for clarity we discuss it separately. (The doubly hybrid variant, in which both the S 1 and S 2 populations undergo a mixture of uncoupled and coupled divisions could be analyzed similarly. However, the dependence on the S 2 uncoupling probability u S 2 is not detectable in the dilution experiments, so we fix u S 2 = 1 here.) If we were to assume that all the stochastic processes were Poisson processes, the differential equations and boundary conditions for the semi-coupled variant would be The hybrid equations would be
with the same boundary conditions as those of the semi-coupled model.
Gamma distribution waiting-time processes. Preliminary studies using the equations above indicated that the 2×SC model provides the best fit to the data of all the models tested. To further improve its biological significance, we replaced the Poisson process with a process having a more realistic waiting-time distribution for the fast division process. The Poisson process, although often used for modeling because of its mathematical simplicity, has an exponential waiting-time (τ ) distribution that is largest at τ = 0. This corresponds to biologically impossible instantaneous re-division, but the approximation is acceptable when the division rate is slow compared to the minimum time required for division (i.e., allowing for DNA synthesis and mitosis), as was the case in the analyses of Refs. 3, 4, and 5. However, it is not appropriate for modelling the fast division of the non-LRC cells.
To fix this, we replaced the Poisson process with a process having a waiting-time distribution equal to a Gamma distribution with shape parameter α = 2. This vanishes for τ → 0, thereby providing a more realistic model. In the same vein, if rapid asymmetric replication is "pushing" cells along, it seems unlikely that a cell transported into one compartment would immediately be transported to the next. Therefore, we used the Gamma distribution process for transport as well. We continued to use a Poisson process to model S 2 division since it is slow. While the Gamma distribution process could also be used with the SC, P-D, and SC-P-D models, in contrast with the 2×SC model, this degraded their best-fits to the data, so this was not done.
The Gamma (α = 2) waiting-time distribution is achieved simply by replacing the S 1 , SL, and GL Poisson processes by two-step Poisson processes involving two subpopulations, each having half the mean waiting-time (i.e., twice the rate) of the original process. For example, S 1 is split into S a 1 and S b 1 subpopulations that undergo the two-step division process (S a 1 ) d → (S b 1 ) d and (S b 1 ) d → (S a 1 ) d+1 . The (S b 1 ) d → SL a d+1 process models BL→SL transport when division and transport are coupled. The additional (S a 1 ) d → SL a d and (S b 1 ) d → SL a d processes model the additional uncoupled transport in the hybrid variant. Analogously, the SL a → SL b , SL b → GL a , GL a → GL b , and GL b → CL processes together model SL→GL→CL transport.
The differential equations and boundary conditions for the semi-coupled model are
The VGFF is 
The VGFF is specified by the same x and C as the semi-coupled model, but with different ρ ρ ρ, F, and T (ξ). Noting that the rate of density generation in S b 1 is ∆ 1 = 2λ S 1 ρ S b 1 = β(u) λ S 1 ρ S 1 and that the number of descendants transferred to S a 1 depends linearly on u, we have Relationship to Akaike information criterion. Asymptotically, for α c d (t) 1, the Dirichlet distribution can be well-approximated by a constrained multinormal distribution and, up to an additive constant, ∆ M ({φ M }) approximates the negative log-likelihood. In this case, the Akaike information criterion 6 for model M is
where k M is the number of adjustable parameters in the model and {φ M } * is the best-fit set of parameters.
Because some of the α c d (t) 1, this approximation may not be accurate. Nonetheless, it provides a rough guideline for comparing models with different numbers of adjustable parameters: since smaller AICs indicate better models, the model with the minimum k M + ∆ M is preferred.
H2B-GFP decay and cell turnover in tail scale and interscale epidermal regions. The decay of H2B-GFP fluorescence density in the interscale (predominantly LRC) epidermal regions was analyzed using the 2×SC model, but with cell density parameters ρ S 1 = 0, ρ S 2 = η BL tot (0), ρ SL = η SL tot (0), and ρ GL = η GL tot (0), where the η c tot (0) were the total fluorescence densities measured in the unchased mice. Accounting for the dilution of fluorescence with division, the model-predicted total fluorescence density at later time t is η c tot (t) = 
The best-fit value of λ S 2 was determined by least-squares minimization of the predicted values to the data, either for BL alone, or for BL+SL+GL ("total"), as indicated in Supplementary Fig. 3e . The same procedure was used to determine the best-fit λ S 1 for the scale (non-LRC) regions, except that the cell density parameters were ρ S 1 = η BL tot (0), ρ S 2 = 0, ρ SL = η SL tot (0), and, because there is no GL in the scale regions, ρ GL = 0.
BL→GL transit time. Potten et al. 9 estimated the BL→GL transit-time by measuring the amount of radioactivity that was recovered from the mouse back surface at different times after injection of [ 14 C]thymidine, which is incorporated into the BL. Since tracking radioactive thymidine is mathematically analogous to tracking H2B-GFP, we compared the 2×SC model predictions with these results using Eqs. (17) and the best-fit parameters, but changed the initial boundary conditions to η ]thymidine into the S 1 and S 2 cells during S-phase and the initial absence of radioactivity in SL and GL. The predicted total amount of radioactivity in GL at time t was proportional to η GL tot (t) as per Eq. (18). The peak of this distribution was compared with the peak of radioactivity recovery measured by Potten et al.
Neutral drift and clone number evolution. The temporal evolution of the number of Dlx1 CreER -marked clones observed in the tail interscale lineage tracing experiments was analyzed using a modified hybrid SC model in which the SL and GL compartments were combined into a single SGL compartment having the combined cell density, ρ SGL = ρ SL + ρ GL , and division and transport were treated as Poisson processes. (This was adequate because the division and transport rates are fast on the time-scale of interest.) The temporal evolution of P n b ,ns (t), the probability that a clone has n b BL cells and n s SGL cells at time t, is described by the master equation D t P n b ,ns (λ, u; t) = (1 − u) λ n b [P n b ,ns−1 (λ, u; t) − P n b ,ns (λ, u; t)] + u λ[(n b − 1)P n b −1,ns (λ, u; t) − n b P n b ,ns (λ, u; t)] + u k S→SGL [(n b + 1) P n b +1,ns−1 (λ, u; t) − n b P n b ,ns (λ, u; t)] + k SGL→CL [(n s + 1) P n b ,ns+1 (λ, u; t) − n s P n b ,ns (λ, u; t)]
(19a) P ns,n b (λ, u; 0) = δ ns1 δ n b 0 ,
where u is the probability of uncoupled replication. The positive terms correspond to the inflow of probability into the (n b , n s ) state from, in order, division coupled to BL→SGL transport, uncoupled division, uncoupled BL→SGL transport, and SGL→CL transport. The negative terms are the corresponding outflows. We calculate P n b ,ns (λ, u; t) by introducing the generating function P (λ, u; ξ, χ; t) = , 2, − (1 − u) y β where 1 F 1 (a; b; z) is the confluent hypergeometric function of the first kind and Ψ(a, b, z) is Tricomi's confluent hypergeometric function. P 0,0 (λ, u; t) = P (λ, u; 0, 0; t) is the probability that a clone has disappeared by time t, so the probability that a clone of any size remains is 1 − P (λ, u; 0, 0; t). This was evaluated with the values determined from the tail interscale H2B-GFP experiments, β = 1.6 (interscale) or 1.5 (scale), and two types of best-fit parameters were determined: either λ = 0.14/day was fixed at the interscale division rate determined by the H2B-GFP decay experiments, or u = 1 was fixed corresponding to completely uncoupled division and BL→SGL transport. In both cases the best-fit value for the other parameter was determined by least-squares minimization.
The probability in the case where the coupling of division and transport is non-stochastically determined by the microenvironment is 1 − u lim v→1 P (λ, v; 0, 0; t) since the number of clones does not decrease in regions where division and transport are completely coupled.
Code availability
Code for histogram deconvolution has previously been described 3 and is available from B.S.W. All other calculations were performed using Mathematica, Version 10.4, and code is available from D.S.
